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R^r.kgrniind of the Invention: 

This invention relates to semiconductor device comprising 
MOSFETs with higher and lower threshold levels and, more particularly, to 
growth of gate oxide films of multiple thickness on a semiconductor 
substrate, in accordance with the threshold levels and types of the 
MOSFETs. 

The recent trend in CMOS-LSI circuit fabrication is to achieve high 
speed operation and low consumption power on the semiconductor device 
formed on one chip. To this end, MOSFETs on one chip are designed to 
operate with different threshold levels. Specifically, MOSFETs for low 
consumption power are designed to operate with a higher threshold level, 
while MOSFETs for high speed-driving are designed to operate with a 
lower threshold level. 

It is known to the inventors that thicknesses of the gate oxide films 
of higher threshold MOSFETs are determined to be thicker than that of 
lower threshold MOSFETs, because of letting standby current of the higher 
threshold MOSFETs not depend on the gate-channel leakage current 
characteristics but on subthreshold characteristics of the higher threshold 
MOSFETs. If thicknesses of the gate oxide films of higher threshold 
MOSFETs are substantially equal to that of lower threshold MOSFETs, the 
gate-channel leakage current becomes larger than the subthreshold current 
(i.e., off-current) in the higher threshold MOSFETs, resulting in making the 
consumption power high. 



Technologies for growth of oxide films of multiple thickness are 
disclosed, for example, in Japanese Unexamined Patent Publications (JP-A) 
Nos. HlO-335656 and Hll-162973. It is known to the inventors that the 
foregoing technologies are applicable for the fabrication of the 
semiconductor device having MOSFETs with different threshold levels. 
Specifically, the implantation treatment of fluorine ions into a 
predetermined region on a semiconductor substrate is can-ied out before a 
single thermal oxidation process, so that the single thermal oxidation 
process makes different thicknesses of the gate oxide films, because 
fluorine ions promote the thermal oxidation process. That is, the gate 
oxide film on the predetermined ion-implanted region is thicker than that of 
yet-ion-implanted region. 

Summary of the Invention: 

It is an object of the present invention to apply the foregoing 
technologies to CMOS-LSI circuit fabrication, in consideration of the 
properties of n- and p-MOSFETs, and thereby, to improve the CMOS-LSI 
circuit with respect to high speed operation and low consumption power. 

N- and p-types of MOSFETs operating with the same threshold 
level have gate-channel leakage current characteristics different from each 
other, as known to the inventors. In detail, the gate-channel leakage 
current of the n-MOSFET is one digit greater than that of the p-MOSFET. 
On the other hand, subthreshold currents, namely off-currents, of the n- and 
p-MOSFETs are generally determined to be substantially equal to each 
other, in the prior art. 

It is noted here that the thickness of the gate oxide film of the p- 
MOSFET does not need to be equal to that of the n-MOSFET but is 
allowed to be thinner than that of the n-MOSFET, because the gate-channel 
leakage current of the p-MOSFET is one digit smaller than that of the n- 



MOSFET. The thinner gate oxide film makes the operating speed of the 
p-MOSFET high. 

According to one aspect of the present invention, a semiconductor 
device comprising first to third MOSFETs. The first MOSFET is 
designed to have a threshold level which is relatively lower, and has a first 
gate oxide film. The second MOSFET of an n-type is designed to have a 
threshold level which is relatively higher, and has a second gate oxide film. 
The third MOSFET of a p-type is designed to have a thi"eshold level which 
is relatively higher. The third MOSFET has a third gate oxide film which 
is thicker than the first gate oxide film and is thinner than the second gate 
oxide film. The second and third MOSFETs may cooperate with each 
other and form a complementary MOS circuitry. 

According to another aspect of the present invention, a method is 
for fabricating on a semiconductor substrate a semiconductor device as 
above-mentioned, and comprises the following steps. An isolation region 
is formed within the semiconductor substrate and close to a surface of the 
semiconductor substrate, and defines a first region and a second region on 
the semiconductor substrate, the first region being for the first MOSFET 
and the second region being for the second and third MOSFETs. Fluorine 
ions are selectively implanted into a first part of the second region with a 
first ion-implantation condition, the first part of the second region being for 
the second MOSFET, the first ion-implantation condition being determined 
to form the second gate oxide film. Fluorine ions selectively implanted 
into a second part of the second region with a second ion-implantation 
condition, the second part of the second region being for the third 
MOSFET, the second ion-implantation condition being determined to form 
the third gate oxide film. For example, the first and second ion- 
implantation conditions are determined so that the third gate oxide film is 
thinner the second gate oxide film. 



After the fluorine ion-implantation processes, gate oxide films are 
simultaneously grown on and over the first and second regions of the 
semiconductor substrate. Then the first to third MOSFETs are formed by 
using the simultaneously grown oxide films, so that the first to third 
MOSFETs have the first to third gate oxide films, respectively. 

With such structure and process, the semiconductor device can 
achieve high speed operation with high reliability and low consumption 
power, because the suitable thicknesses of the gate oxide films are provided, 
for example, to the lower threshold MOSFET, the higher threshold p- 
MOSFET, and the higher threshold n-MOSFET. 

These and other features and advantages of the present invention 
will be better understood by considering the following detailed description 
of the invention which is presented with the attached drawings. 

Rrie.f Description of the Drawings : 

Fig. 1 is a sectional view showing one step in fabrication of a 
semiconductor device according to one embodiment of the present 
invention; 

Fig. 2 is a sectional view showing another one step following the 
step of Fig. 1 in the fabrication according to one embodiment of the present 
invention; 

Fig. 3 is a sectional view showing another one step following the 
step of Fig. 2 in the fabrication according to one embodiment of the present 
invention; 

Fig. 4 is a sectional view showing another one step following the 
step of Fig. 3 in the fabrication according to one embodiment of the present 
invention; 

Fig. 5 is a sectional view showing another one step following the 
step of Fig. 4 in the fabrication according to one embodiment of the present 
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invention; 

Fig. 6 is a sectional view showing another one step following the 
step of Fig. 5 in the fabrication according to one embodiment of the present 
invention; and 

Fig. 7 is a sectional view showing another one step following the 
step of Fig. 6 in the fabrication according to one embodiment of the present 
invention. 

The figures referred to herein are drawn for clarity of illustration 
and are not necessarily drawn to scale. Moreover, the figures referred to 
herein focus on a few oxide regions within CMOS-LSI circuits. Elements 
having the same reference numeral in Figs. 1 to 7 refer to elements having 
similar structure and function. 

nescription of the Preferr ^H Fmhodiments: 

A semiconductor device according to a preferred embodiment of the 
present invention comprises two CMOS circuits, one of which has higher 
threshold MOSFETs of n- and p-types, while the other has lower threshold 
MOSFETs of n- and p-types. The lower threshold MOSFETs have a first 
gate oxide film common thereto. The higher threshold n-MOSFET has a 
second gate oxide film thicker than the first gate oxide film. The higher 
threshold p-MOSFET has a third gate oxide film which is thicker than the 
first gate oxide film and is thinner than the second gate oxide film. 

The semiconductor device can be fabricated according to the 
following fabrication process of the preferred embodiment of the present 
invention. 

Referring to Fig. 1, isolation regions 11 are formed within a 
semiconductor substrate 10 and close to the surface of the semiconductor 
substrate 10, so that a first region and a second region are defined on the 



semiconductor substrate 10. The first region is for the lower threshold 
MOSFETs, while the second region is for the higher threshold MOSFETs. 

The illustrated isolation regions are fabricated in LOCOS (Local 
Oxidation on Substrate) process, and are field oxide films. Isolation 
regions may be fabricated in STI (Shallow Trench Isolation) process. 

Referring to Fig. 2, P-well 12 is formed within the first region, by 
selectively implanting boron ions into a corresponding part of the first 
region. The first selective ion-implantation of boron is carried out by 
using photo-lithography technique with a first mask layer (not shown). In 
detail, the first mask layer is formed over the semiconductor substrate 10 
before the first boron ion-implantation, and defines a region that is not 
exposed for the first boron ion-implantation. The first mask layer may be 
composed of a photo-resist material as known to one of ordinary skill in the 
art of semiconductor device fabrication. In addition, the first mask layer 
is removed from the semiconductor substrate 10 after the first boron ion- 
implantation. 

After the removal of the first mask layer, P-well 13 is formed within 
the second region, by selectively implanting boron ions into a 
corresponding part of the second region. The second selective ion- 
implantation of boron is carried out by using photo-lithography technique 
with a second mask layer (not shown). In detail, the second mask layer is 
formed over the semiconductor substrate 10 after the removal of the first 
mask layer and before second first boron ion-implantation, and defines a 
region that is not exposed for the second boron ion-implantation. The 
second mask layer may be composed of a photo-resist material as known to 
one of ordinary skill in the art of semiconductor device fabrication. 
Herein, dosage in the second boron ion-implantation is different from that 
in the first boron ion-implantation, because of different threshold levels to 
be desired. 



In this embodiment, the second mask layer is further used for a first 
fluorine ion-implantation. That is, fluorine ions are selectively implanted 
into the P-well 13 with a first ion-implantation condition by the use of the 
second mask layer. In the illustrated implantation, the first ion- 
implantation condition is that dosage of the fluorine ions is 1.2 X lO'Vcm^ 
and that implantation energy is 5keV. The dosage in the first ion- 
implantation condition may be of 7.0 X 10'^-1.2 X lO'Vcm^ inclusive. 
After the first fluorine ion-implantation, the second mask layer is removed 
from the semiconductor substrate 10. 

Referring to Fig. 3, N-well 14 is formed within the first region, by 
selectively implanting phosphorus ions into a corresponding part of the first 
region. The first selective ion-implantation of phosphorus is carried out 
by using photo-lithography technique with a third mask layer (not shown). 
In detail, the third mask layer is formed over the semiconductor substrate 
10 after the removal of the second mask layer and before the first 
phosphorus ion-implantation. The third mask layer defines a region that is 
not exposed for the second phosphorus ion-implantation. The third mask 
layer may be composed of a photo-resist material as known to one of 
ordinary skill in the art of semiconductor device fabrication. In addition, 
the third mask layer is removed from the semiconductor substrate 10 after 
the first phosphorus ion-implantation. 

After the removal of the third mask layer, N-well 15 is formed 
within the second region, by selectively implanting phosphorus ions into a 
corresponding part of the second region. The second selective ion- 
implantation of phosphorus is carried out by using photo-lithography 
technique with a fourth mask layer (not shown). In detail, the fourth mask 
layer is formed over the semiconductor substrate 10 after the removal of 
the third mask layer and before the second phosphorus ion-implantation. 
The third mask layer defines a region that is not exposed for the second 
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phosphorus ion-implantation. The third mask layer may be composed of a 
photo-resist material as known to one of ordinary skill in the art of 
semiconductor device fabrication. Herein, dosage in the second 
phosphorus ion-implantation is different from that in the first phosphorus 
ion-implantation, because of different threshold levels to be desired. 

The fourth mask layer is further used for a second fluorine ion- 
implantation, in this embodiment. That is, fluorine ions are selectively 
implanted into theN-well 15 with a second ion-implantation condition, by 
the use of the fourth mask layer. In the illustrated implantation, the 
second ion-implantation condition is that dosage of the fluorine ions is 6.0 
X 10'^/cm^ and that implantation energy is 5keV. The dosage of the 
fluorine ions in this step may be below 6.0 X 10^^/cm^ After the second 
fluorine ion-implantation, the fourth mask layer is removed from the 
semiconductor substrate 10. 

It is noted here that the first and second ion-implantation conditions 
are determined so that the higher threshold MOSFETs have gate-channel 
leakage current characteristics substantially equal to each other and that 
standby currents of the higher threshold MOSFETs do not depend on the 
gate-channel leakage current characteristics but on subthreshold 
characteristics of the MOSFETs. In addition, the first and second ion- 
implantation conditions are determined so that the third gate oxide film is 
thinner the second gate oxide film. Specifically, in this embodiment, the 
first ion-implantation condition comprises first dosage of fluorine ions and 
predetermined implantation energy, while the second ion-implantation 
condition comprises second dosage of fluorine ions and the predetermined 
implantation energy, the second dosage being less than the first dosage. 

Referring to Fig. 4, oxide films 16, 16a, 16b are simultaneously 
grown on and over the first and second regions of the semiconductor 
substrate 10, after the removal of the fourth mask layer. As illustrated, the 
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simultaneously growing oxide films is carried out in single thermal 
oxidation process. In this embodiment, the thickness of the gate oxide 
film 16 (first gate oxide film) with not fluorine ion-implantation becomes 
2.0 nm. On the other hand, the thicknesses of the gate oxide films 16a, 
16b (second and third gate oxide film) becomes 2.7 nm and 2.4 nm, 
respectively, because of the fluorine ion- implantation treatments with the 
first and second ion-implantation conditions. 

Referring to Fig. 5, poly-silicon materials are deposited on the gate 
oxide films 16, 16a, 16b, to form a poly-Si film 17. Other materials may 
be selected to be gate electrode, as known to one of ordinary skill in the art 
of semiconductor device. 

Then, referring to Fig. 6, the poly-Si film 17 is etched together with 
the respective parts of the gate oxide films 16, 16a, 16b, by the use of 
photo-lithography technique, so as to be gate electrodes 17a of 150 nm. 

After that, a silicon-dioxide film is deposited over the 
semiconductor substrate 10, and is etched with a suitable mask to form 
sidewalls 18 on the sides of the gate electrodes 17a and the gate oxide films 
16, 16a, 16b. Then an ion-implantation treatment into the P- and N- well 
12-15 is carried out with the sidewalls 18 being as masks, so as to form 
source and drain regions 19a, 19b, and thereby, to obtain MOSFETs of 
LDD (Lightly Doped Drain) structure. 

Fabrication of a semiconductor device according to another 
preferred embodiment of the present invention is a modification of the 
above-described embodiment except for the first and second ion- 
implantation conditions. 

In this embodiment, the first ion-implantation condifion comprises 
predetermined dosage of fluorine ions and first implantation energy, while 
the second ion-implantation condition comprises the predetermined dosage 
of fluorine ions and second implantation energy, the second implantation 
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energy being higher than the first implantation energy. Specifically, in 
this embodiment, the predetermined dosage is 6.0 X WVcrn^, and the first 
and second implantation energies are 3keV and 5keV, respectively. 

With the fabrication method of this embodiment, the semiconductor 
device of the similar structure to the above-described embodiment. That 
is, the lower threshold MOSFETs have a first gate oxide film common 
thereto, the higher threshold n-MOSFET has a second gate oxide film 
thicker than the first gate oxide film, and the higher threshold p-MOSFET 
has a third gate oxide film which is thicker than the first gate oxide film 
and is thinner than the second gate oxide film. 

While this invention has thus far been described in conjunction with 
the preferred embodiment thereof, it will now be readily possible for 
skilled persons in the art to put this preferred embodiment into various 
other manners. For example, the above-mentioned MOSFETs all have 
LDD structure, but may be other structure. The above-mentioned 
semiconductor device comprises two types of lower threshold MOSFETs, 
but may comprise only lower threshold n-MOSFETs or only lower 
threshold p-MOSFETs. The above-mentioned lower threshold MOSFETs 
have the same thickness of gate oxide, but the lower threshold n-MOSFET 
may have a gate oxide film thicker than that of the lower threshold p- 
MOSFET and thinner than that of the higher threshold p-MOSFET In 
this case, fluorine ions of suitable dosage is further implanted into the N- 
well 14 before the thermal oxidation process. 



